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GENETIC ENGINEERING CAN EITHER EXACERBATE
OR ALLEVIATE HERBICIDE RESISTANCE

J. GRESSEL

Plant Genetics, Weizmann Institute Of Science, Rehovot, Israel

ABSTRACT

Sweepinggeneralizationspromul gating dangersof herbicide-resistant
cropsand “ superweeds’ rarely meet scrutiny. Engineering resistanceto
little used, and especialy multi-site herbicides can relieve selection
pressuresfor evol ution of resistancetothecurrently sometimesoverused
herbicide groups (e.g. inhibitors of ALS and ACCase). Engineering
resistance to widely-used, single site herbicides into crops, increases
evolutionary pressurefor resistance. Suchtransferscould bejustifiedfor
thecontrol of parasiticweeds, wherethed ternativesareworse. Engineering
resistanceinto cropsthat easily interbreed with weeds can sometimesbe
unwise. Theratesof movementsof such genestoweedsareunknown but
genetransfer could belearnt usinginnocuouscases. Therecould still be
advantages to resistant crops, without weed danger to other cropping
situations(rice/redrice). Rational, caseby caserisk/cost/benefitanaysis
must replaceirrational fear-striking generalizations, as agriculture can
gainfrom many herbicide-resistant crops.
Keywords: herbicide resistance, transgenic crops, gene transfer,
superweeds, geneticengineering

INTRODUCTION

Much misinformation, disinformation and widely inaccurately interpreted correct
information has been promulgated about genetically engineered herbicide-resistant
crops(cf. Risslerand Mellon 1995), especially by thosewithan anti-geneticengineering
and/or anti-pesticide bias. Not all environmentalists sharethese radical views (Lewis
1992). Wearewarned that thesecropscan|eadtotheevol ution of “ superweeds’ that will
inherittheearth (Kling 1996). Resulting severepolitical pressuresprecludemuch public-
sector researchinthisarea, which affectsgetting accurateinformation about thedangers,
as well as prevents engineering of crops needing resistance to herbicides where the
agrochemical industry seeslittle profit. The situation is further complicated by well-
meaning scientistswho aredrawnintothedebates, but lack theknowledgeto balancethe
issues, and make scientifically untenabl e extrapol ationsfrom the known data.

Farmers could uselessor no herbicide but at what cost and how many will starve?
Sustai nableagricultureisawonderful goal; but therearemany definitionsof sustainability.
Most know only the“western” versions; in Indiasustainability istheability toincrease
food production to sustain growing populations. There are alternativesto herbicides.
Good croprotationsby themsel vesl ower weed seed banksand pressures, yet many areas
have no possible agronomically-meaningful rotations (e.g. the marginal lands where
muchof theworld’ swheatisgrown), or economical ly meaningful rotations. Mechanical
cultivation canreplacemuch of theherbicideused. Infragileagroecosystems, mechanical
cultivation precludes sustainability compared with soil and water conserving, high
herbicide, precision no-till. Plant breeding required herbicides to produce high yield
index, low stature* greenrevolution” wheatsandrice. Wecouldreverttothetall varieties
that competewithweeds, needinglessherbicide. How will wefeed the popul ace? What
will we do with the useless straw?

This essay analyses where herbicide-resistant crops have value, where their use
might be contraindicated, theimplications of their use to weed resistance, and needed
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precautions. [t considersall biotechnol ogy-derivedresistant crops, seeinglittledifference
between mutagenesis-derived imidazolinone-resistant maize and other cropswith the
samegeneintroduced.

TRANSFER OF GENESTO WEEDS

There have been many reports on introgression of crop genes into related weed
species, but few from controlled experiments; i.e. they areapocryphal tousea“ negative”
termor epidemiol ogical tousea“ positive” term. They includereportsshowingthat traits
bredintocultivated barleys, oatsor ricesoon appear inthewildweedy speciesinthesame
areas. Most havenot dealt with herbicideresistance, asthewild speciesusually havethe
same spectraof natural herbicideresistances asrelated crops. Controlled experiments
haveshownthat herbicideresi stancescan betransferredfromcropstowildrel atives, but
usually resortedtomodel or artificial systems; hand pollination after emascul ation of the
weed, malesterility or self incompatibility intheweed, massiveamountsof crop pollen,
and/or embryorescueof therareprogeny, that aremostly sterile(Darmency 1994). The
epidemiological / apocryphal reports are actually more relevant to risk analysis, they
indicatethat such transfers can occur inthefield, thetime until predominance, and the
competitiveadvantage.

Therehave been rare caseswhere geneflow from (non-transgenic) cropsto weeds
has produced weedier weeds. Cropsthemsel ves can evolveinto weeds (cf Baker 1991,
Boudry et al. 1993) and weeds continue to evolve mimicries of crops (Barrett 1983).
That does not mean that herbicide resistance per se will make a weed weedier. This
depends on the gene and herbicide use patterns. M ost studi esrating risks of movement
donot differentiatebetweenthereportsof field transfer and the studiesshowingit could
occur. They do not estimate how long it will take to have resistance introgress and
predominateinwild populationsvs. how longit wouldtakeresi stancetoevol veby natural
selection, vs. theexpected commercial lifetimeof theherbicide. Thisabrogatesscientific
evaluation to politicians, who are most influenced by those bearing an agenda.

The major thesis of this paper is to emphatically state that because of genetic
variability of cropsand weeds, and chemical variability in herbicides, their effectsand
modes of action, one cannot make easy generalizations about the risks of resistance
transfer. Each caseof predictingtherisk of introgression must beeval uated onitsmerits,
oftenafter basi cbiological, geneticand epidemiol ogical studies. Moreimportantly, other
issuesmust be considered:

(1) What isthebenefit to food production of having resistancein acertain crop?

(2) What aretheimplicationsof having herbicideresi stancepassinto aweedy species?
Itisoftenassumedthat all “ superweeds” will bedel eteriousto agricultureand/or the
environment.

Innocuously assayingintrogressionin thefield
Therearewaysto ascertaintherapidity of genemovement, without causinglasting

damage to agriculture and/or the environment: simply insert agenefor resistanceto a

rarely used passé herbicide; where there would be little consequence to the herbicide

becoming extinct. Another way to establishtherateof transfer of genesistoabolishthe
double standard; we cannot prevent the use of herbicide-resistant crops where the
resistanceis” natural”. AL S-level resistant maizeand rapefromtissueculturesel ection
wereacceptable(after registrationfor that crop). Triazine-resi stance, laborioudy transferred
from wild brassica into oilseed rape (Souza Machado et al. 1982) was also allowed.

Similar genes introduced transgenically are verboten in many countries and under

scrutiny elsewhere. At present, whenaweed becomesresi stant toany of theseherbicides

itisnot knownwhether it evolved naturally or wasintrogressed through pollination. The
highly mutable AL Sgene(ca. 10°® resistancein popul ations) quickly appearsinweeds.

Engineering the same gene with either atwo base change coding difference from the

natural gene, or withdifferentintrons, allowsdifferentiating mutationfromintrogression.

Inthecaseof triazineresistance, therecoul d beadded benefits. Thetraitismaternally
inherited, soonemight assumeitwill never transfer. Maternal inheritanceisnot absol ute;
0.2% pollen transfer was found with genetic markers.

Themany factorsthat must be assessed in ascertaining risk include:
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Would the newly-resistant weed really be weedy once herbicide use is stopped?
Brachypodium distachyon evolved triazine resistance along roadsides. When
triazine usage stopped, it reverted to being a minor ruderal species (Gressel and
Kleifeld 1995). If thewild typewasnever weedy, why expect the resistant biotype
tobemorefit?Toooften oneforgetsthat many ruderal specieslack weedy properties
and resistanceto aherbicideisunlikely totip thebalance. Indeed, if theherbicideis
used in the transgenic crop, then susceptible weeds growing in its midst will not
introgress the resistant genes - dead weeds don’'t have sex. The genes could
introgressinto nearby unsprayedweeds. Seed set onemascul ated plantsfrom oil seed
rape was measured 1.5 km from pollen source (Timmons et al. 1996); can the
progeny compete, or survive in feral populations without selector? Without
emascul ation resistant pollen fertilized 24% of plantsintheimmediatevicinity but
<0.017% just 10 meters away.

How oftenistheweed in question aweed in other crops, wherethe sameherbicide
groupisused?Will therotational herbicidesintherotational cropscontrol resistant
weeds?

Generalizations about cross resistance within herbicide groups are often moot
because of the gene used. The Pseudomonas gene coding for a cytochrome P450
conferring metabolicresistanceto 2,4-D doesnot confer resistancetoclosely rel ated,
oftenagronomically interchangeabl e, M CPA (Streber and Willmitzer 1989). MCPA
could control volunteer weeds (the previous season’s transgenic crop) or weeds
introgressingthegene. Conversely, thedevel opersof AL Sand A CCasetarget based
resistancesfor every crop inrotation, whether biotech derived or having chemical
selectivities, are hastening evol ution of resistant weeds. Resistance hasevolved to
many herbicide chemistries that were listed as low risk (chloroacetamides,
thiocarbamates, paraguat, glyphosate) but the persistence of the herbicides or of
farmersto continuously usethem, have engendered the predictable.

There is much place for engineering resistance to lesser used herbicides.
Expanding their use decreases pressure on heavily used groups. Not too much is
done with the published genes for resistance to 2,4-D, phenmedipham, dalapon,
asulam, and even bromoxynil. Genesfor resi stanceto many other herbicidegroups
have not been described. Thereisafixation on glyphosate, glufosinate and ALS.
ACCase resistance is not being developed transgenically, but ACCase-resistant
mai ze adds another crop to rotations, quickening evol ution of resistant weeds.
Doestheherbicideresistancetransgeneprovidetraitsthat canincreasefitnesswhen
the herbicide is not used? An unequivocal “no” is hard to provide; an aien gene
metabolizing the herbicide might have other substrates, supplying other traits.
Herbicide resistance supplies less fera fitness advantage than disease or insect
resistance (Karieva et al. 1996). Aslong as the weed can be controlled by other
means, the unpredictables are unlikely to lead to Frankensteinish superweeds.
Modified target sitesof the herbicide must belessfit than the susceptiblewild type
or they would bethewild type. Continua monitoring for newly-resistant weedsis
awayscalledfor; not just thoseevolving fromintrogression with resistant crops. It
iseasier toeliminatenascent resistant foci, than hugeareasafter spread (M oody and
Mack 1988).

Are the wild interbreeding species near the crops? Transgenic AL S-resistant
sunflowersfor controllingbroomrapewererefusedto Europeanand| sragli researchers
by thedevel opersbecause* the speciescrosseswithwild sunflowers’ . Suchwasthe
fear of “what would detractors say?” that it was futile to explain that the nearest
weedy wild relatives were 8000 km away, and sunflower pollen is short lived.
Conversely, engineering glufosinateresi stanceinto domestic Avena (Somerset al.
1992) where interbreeding wild oats is a problem was inexcusable when other
selectable markers could have been used (Gressel 1992).

Do the weed and crop have overlapping flowering times? Otherwise, mating is
complicated.

|stheweed self incompatibl e, preferringforeign pollen, enhancing chancemeetings?
Self pollinated speciestransfer genesmoresiowly.
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(h) Isthe resistant pollen more or less competitive than con-specific pollen? Pollen
competitioninsomecasesisexceedingly strong, and unfitnessesfromresi stanceand
being of another species statistically delay gene transfer (Charlesworth 1988;
Stephenson et al. 1988 ; Mulcahy and Mulcahy 1987).

(i) How easily caninterspecificbarriersbeovercome? |t wasconsidered tobe*“ highly
likely” that genes will introgress from cultivated barleys to Hordeum glaucum
(Sindel, 1997), while attemptsto transfer paraguat resistance fromH. glaucumto
cultivated barleysprovedfutile(lsamand Powles1991). Likewise, itwasconsidered
likely that genesfrom potato will crossinto other Solanum species (Sindel 1997).
Thereciprocal waspossibleby protoplast fusion (Gressel et al.1989) but therehave
been no successes in crossing potato with anything but Andean Solanum spp
(Eijlander and Stiekema 1994).

CASE ASSESSMENTS

Thebest way to discussbenefitsand risksisby analyzing questionabl e cases. They
illustrate theimportant of case assessment wherewild weedy relativesexist.
Oilseed raping wild weeds?

Many were surprised that the Canadian government allowed the field use of
glyphosate, glufosinate (and soon bromoxynil)-engineered transgenic oilseed rapes
despite the known introgression of herbicide-resistant genes into weeds, including
problematicBrassicacampestris,(e.g. Mikkelsenet al. 1996; Kerlanet al. 1993; L efol
et al. 1996). The opposite has aso been occurring (e.g. McMullan et al. 1994);
deleterious weed genesintrogress into oilseed rape, lowering yield and oil quality. A
major useof herbicide-resistant oil seed rapeisto control wildrel atives. Theauthorities
did not accept the double standard; ALS-R rape from mutagenesis had been on the
market. Thedecisionallowsunrestrictedfield cultivation, whilenoting thelikelihood of
introgression, and stating that theworst case would betheloss of glyphosateto control
such weeds (Anonymous 1995). The decision stated that introgression would not
increaseweedinessof crop or rel ated weeds, partly based onrel easestudiesby Crawley
et al. (1993). They did not require two safeguards that might have lowered the risk of
transfer to B. campestris, theweediest of therelated species(Holmet al. 1997), and the
one specieswith demonstrated field transfer of genes(Mikkelsonet al. 1996). Oilseed
rape (B. napus) isan ancient allopolyploid between B. oleracea (CC genome) and B.
campestris(AA). If only transgeni c plantsbearing resi stanceon the C genomewereused,
resistance could transfer to campestrisonly by rarehomoeol ogouspairing. Glyphosate
resistanceiscoded on two genesin atandem construct; onefor modified target and the
other for degrading the herbicide. Resistance transfer would be delayed if each were
inserted on separate C chromosomes, requiring two independent transfers. Whether
fortuitously or by intent, theglufosinateand glyphosateresi stancesfor Canadaareonthe
safer Cgenome, whereastheresi stancethat introgressed described above, wasonthe A
genome(R.K. Downey pers.comm.). Thequestion of how quickly resistancewill move
fromB. napusto B. campestrismay be moot, as Polish rape (B. campestris) with these
herbicide resistance genes will soon be released (R.K. Downey pers. comm.). In this
local e, they do not consider transfer to the con-specific weed aproblem, but thecrop as
avolunteer weed could becomeaproblem, especially if it becomesmultiply resistant to
all four herbicidesintroduced in various varieties. What if 2,4-D resistance were also
engineeredin, or evolvedin, Polishrape?Nothingwould bel efttocontrol itinmost plains
crops.

Bothindustry and growers should want to know how quickly and to what extent to
expect introgression. This could as described above by assaying transgenic ALS
resistance and al so with triazineresistance, improving thecrop. Thetriazineresistance
genecodinganaminoacid 264 transversionfromserinetoglycineinoil seed rape(Souza-
Machado 1982), ishighly unfit (Gressel and Ben-Sinai 1988). Reciprocal crosseswere
awaysless productive with triazine resistant femal e parents (Beversdorf et al. 1988).
Y et, they are grown in Australia, where oilseed rape gene transfer to wild speciesis
considered “high risk” (Sindel 1997), (but thisisn’t transgenic). The amino acid 264
transversion serineto threoninethat evolved in potato ismorefit than serineto glycine
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(Smedaet al . 1993) and shouldincreaseyiel dsif transformedintorapechloroplasts. The
risk would bemorecompetitivebrassicaweeds, inthehighly unlikely event that thegene
moves. Asthetriazinesare becoming passe’, the consequences of theinfinitesimal are
minimal.

Wheat - acrop in direstraits

Wheat is often cultivated where few other cash crops are grown, precluding
widespreadrotations. Thehighyieldindex, largeear, short staturevarietiesarewimpish
at competingwithweedsand canrarely becultivated without cost-effectiveherbicides.
Minimum tillage systems requiring more herbicidesfit fragile wheat agroecosystems.
Unlikemost crops, wheat hasonemaj or systemto detoxify herbicides- cytochromeP450
monooxygenases. Grassweedshaveevol ved morphol ogical and phenol ogical mimicries
towheat for 6000years(Barrett 1993). They recently evolved biochemica mimicriesto
overcomewheat herbicidesby uppingtheir P450s, often conferring resi stancestowheat-
selectiveherbicidesunrel ated to the sel ector and never used before (Gressel 1988; Moss,
1992; Powles and Holtum 1994; Malik and Singh 1995; Singh et al. 1997). Such
resistancescover 40% of Australian whestlandsand millionsof hectaresinIndia. Non-
chemical aternativesrai seproduction costsand/or lower theareainwheat, jeopardizing
foodsupplies.

The immediate answer is to engineer resistances to inexpensive graminaocides.
Because there is too little profit from whesat seeds or generic herbicides, it must be
engineered by thepublicsector. Glufosinateresi stance hasbeen engineeredintowheat,
more as a marker gene than for utility. It is a safe herbicide to use, but expensive to
manufacture (viadangerous organophosphorusintermediates). Glyphosate resistance
has been engineered into wheat and field tested for the niche market of hybrid wheat,
whereitislessneeded.

There are no weedy relatives of wheat whereit evolved, although there are many
related ruderal species. They have not introgressed traits from nearby wheats, unlike
weedy barleysfrom cultivated barley inthesamearea. Genetransfer waspossibleinthe
greenhouseto aweedy U.S. Aegilopscylindrica,using embryo rescue (Mallory-Smith
et al. 1996), and more recently without embryo in the field (Mallory-Smith, pers.
comm.). Thisdoesnot mean eschewing herbicide-resistant wheat in America, just that
moretransformantsmust betested. Wheat hasthreeparallel genomesfrom progenitors,
A, B and D. Theweed has genomes C and D. Crosses with each of the seven wheat D
genome monosomics showswhether thetransgeneisonaD chromosome. Only A and
B transgenics should berel eased as asafety precaution against the unlikely.

Par asiticweeds

The parasitic flowering Orobanche and Striga speciesinfest >100 M hectares of
Africanand Mediterranean crops, limitingwherecropscanbegrownwithout devastation.
Multi-millionslosehalf their cropstotheseparasites. Selectiveherbicidesrarely control
theunderground stageswhenthey sapthecrop. Methylbromideisusedtoridsoil of their
seedsin high value vegetabl e crops. The parasitesremove “ only” water, mineral, and
sugarsfromthecrops. It wasposited that cropswithtarget siteresistancetotransl ocated
herbicides that affect parasite pathways would be effective in controlling these pests
(Gressel 1992). Indeed, transgenic plants with resistance to herbicides affecting the
pathwaysleadingto either branch chain or aromatic amino acids, aswell astofolicacid
allowed parasitic weed control (Joel et al. 1996; Abayoet al. 1996; Surov et al. 1997).
Small amounts were sufficient, as the sprayed herbicides bioaccumulate in the root-
attached parasites. L essherbicidecan beapplied near (Abayoet al. 1996) or oncrop seed
(Gressel and Joel 1996). Using $5 of herbicide gives $100 of increased maizeyieldin
Sriga-infested Kenya (Gressel et al. 1996a). Resistance could evolvein the parasitic
weeds, not fromintrogression but by standard evol utionary processes, especially tothe
AL S-inhibiting herbicides. Without management strategi es, resi stant popul ationscould
predominateinasfew asthreeyears. Simplemanagement strategiescould delay thisfor
>12 years (Gressel et al. 1996b).

Rice/wildrices

The risk of gene transfer from rice to red rice is high, precluding considering

engineering. No one asked farmers. In paddy infested with highly competitiveredrice
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(Pantonaand Baker 1991) thetotal yield of riceisnot reduced, but most of thered rice
shatters, andisnot harvested. Harvestedredricel owersthecommercial gradeof therice.
Farmerssay: devel optransgenicherbicide-resistant ricesothey canhavehighyiel dsuntil
thegenegetstransferred. Wildricesusually infest only paddy, other cropsexcept soybean
inroration with rice are not endangered. Red ricein soybeansare easily controlled by
typical soybean herbicidesthat areusually used anywaysinthat crop (Griffinand Harger
1986; Khodayari et al. 1987).

EPILOGUE

Don't write off herbicide-resistant barleys, oats, sorghum and other truly highrisk
crops. These crops need herbicide resistances, both to control interbreeding weedy
relations, and other weeds. Biotech may come up with solutions preventing pollen
transfer: pollen specificexcision systems, obligatory apomictic systemswithout pollen
(Koltunow et al. 1995), requirements for more than one unlinked gene for resistance,
tight or tandem linkage of the resistance geneto acrop gene that would be del eterious
toaweed, infection of thecropwithdisarmed RNA virusesbearing resi stancegenesthat
arenot pollen carried, tolist somefuturistic possibilities.

Much can be gained by using the right herbicide resistance genes for the right
purposesintheright crops. Much canbel ost by usingthewrong genesinthewrongcrop.
Oneshould bewary of thosewho present one-sided argumentsor place environmental
costson herbicideuse. They usually do not put acost on not using herbicides. Not using
herbicide costs human lives (starvation), decreases quality of life (insufficient food),
costseconomically aslostyield, andif cultivationisusedinstead, thereistheenvironmental
cost due to erosion. There are many parts of the world where weeds are the major
constraintsto crop production, and where herbicide-resi stant cropscan allow doubling
crop production. An aternativeisland abandonment.

Thehumanmindislikeaparachute, itisbest used when open. Weneed anopenmind
toweighwhereherbicide-resistant cropscan bebeneficia tofood productionandwhere
detrimental . Wemust present regul atorswith sci entifictool stowei gh theseissues, astoo
oftenthey areswayed by know-nothing emotionson oneside, or quick profit short term
economicinterestsof industry ontheother, tostatetheextremes. Likeall powerful tools,
certain herbicide-resistant crops have important long term roles in food production,
othersarecontra-indicated. Thesameherbicide-resi stant crop may haveimportant uses
in one agroecosystem and befoolish for another. One needsto ask many questionsand
perform careful monitoring.
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